Aims/hypothesis Glucose is the main stimulus of insulin secretion in pancreatic beta cells. However, high glucose has also been considered to damage beta cells. In this study we examined, with special emphasis on the role of the glucose sensor enzyme glucokinase, whether elevated glucose metabolism evokes toxicity to beta cells. Methods RINm5F-R-EYFP-GK cells, producing glucokinase in response to a synthetic inducer, and rat beta cells were incubated at different glucose concentrations. Glucokinase enzyme activity, insulin secretion, cell viability and mitochondrial metabolism were analysed. Results Glucokinase production evoked a concentrationdependent increase in glucose-induced insulin secretion from RINm5F-R-EYFP-GK cells without reducing cell viability. Pre-culture at high glucose (30 mmol/l) in the absence of high concentrations of NEFA neither reduced viability nor significantly increased apoptosis in RINm5F-R-EYFP-GK cells and rat beta cells. The integrity of the mitochondrial respiratory chain and mitochondrial dynamics, namely fusion and fission, were not impaired by high glucose pre-culture. As previously demonstrated in mouse beta cells, pre-culture at high glucose significantly decreased the mitochondrial membrane potential heterogeneity in RINm5F-R-EYFP-GK cells. Indeed, after starvation, in response to glucose, rat beta cells and RINm5F-R-EYFP-GK cells with glucokinase production pre-cultured for 48 h at high glucose showed the fastest increase in the mitochondrial membrane potential. Conclusions/Interpretation Our experiments do not support the hypothesis that glucokinase and the glucose metabolism on its own act as a mediator of beta cell toxicity. By contrast, rather a beneficial effect on glucose-induced insulin secretion after glucokinase production was observed, based on an improved coupling of the glucose stimulus to the mitochondrial metabolism.
Introduction
Metabolic stimulus secretion coupling in pancreatic beta cells is pivotal to maintain whole body glucose homeostasis. Glucose recognition is the first and, therefore, rateElectronic supplementary material The online version of this article (doi:10.1007/s00125-011-2133-5) contains supplementary material, which is available to authorised users.
limiting step of this cascade [1] [2] [3] . The glucose phosphorylating enzyme glucokinase acts as a glucose sensor. Its main characteristics are low affinity for glucose, insensitivity to inhibition by glucose 6-phosphate and flexible conformation resulting in a positive cooperativity [2, [4] [5] [6] [7] [8] [9] .
The cellular ATP/ADP ratio is an intermediary key factor of stimulus secretion coupling in beta cells [10] . ATP generation takes place mainly in mitochondria and exhibits extensive interplay with cytoplasmic fuel metabolism [11, 12] . Recent studies indicate that the mitochondrial morphology has an important influence on the metabolic capacity of the organelles [13, 14] . Mitochondria constitute an intracellular network, which is maintained by fusion and fission events and specifically adapted to cell function [15] [16] [17] . The mitochondrial meshwork in pancreatic beta cells has been considered to be highly dynamic. A major aim of mitochondrial fusions and fissions is to segregate dysfunctional mitochondria and to initiate their removal by autophagy, a process most likely to be important in beta cells [18] [19] [20] .
Impairment of beta cell stimulus-secretion coupled together with peripheral insulin resistance causes hyperglycaemia in type 2 diabetes [21] . Because type 2 diabetic individuals are often also obese, hyperglycaemia is accompanied by hyperlipidaemia [21] . Chronically high concentrations of glucose and NEFA have been proposed to contribute to beta cell dysfunction and death [22] . Although lipotoxicity is a widely accepted disease phenomenon in beta cells, a glucose-mediated augmentation of lipotoxicity, termed glucolipotoxicity, is controversial [23] [24] [25] [26] . Particularly the contribution of glucose metabolism to beta cell dysfunction by glucose remains unclear. In some studies glucokinase overproduction in the presence of high glucose concentrations has been shown to cause a collapse of energy metabolism, resulting in beta cell dysfunction [27] [28] [29] , while in others glucokinase was actually protective [30, 31] . Thus, the aim of this study was to elucidate the potential role of glucokinase as a mediator of glucoseinduced beta cell toxicity.
Methods
Cell culture The RheoSwitch mammalian inducible expression system (New England Biolabs; Beverly, MA, USA) was used for precisely regulated production of EYFPglucokinase in RINm5F cells. Generation and culture of the stable cell clones RINm5F-R and RINm5F-R-EYFP-GK are described in detail in the electronic supplementary material (ESM) methods. RINm5F-R-EYFP-GK cells or RINm5F-R cells were seeded in six-well plates at a density of 500,000 cells per well (glucokinase enzyme activity, fluorescence microscopy) or 400,000 cells per well (insulin secretion), in 96-well plates at a density of 15,000 cells per well (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide [MTT] assay) or 12-well plates at a density of 50,000 cells per well (caspase-3 activity assay) and cultured for 48 h at 10 mmol/l glucose. For the following 48 h, cells were incubated in medium with the indicated glucose and RSL1 concentration. In long-term experiments before seeding in microplates, RINm5F-R-EYFP-GK cells were precultured for 10 days at 10 mmol/l, or 30 mmol/l glucose with or without 500 nmol/l RSL1. Palmitic acid (0.15 or 0.2 mmol/l) (dissolved in 95% ethanol, 1% [vol./vol.] FCS, 0.2% BSA) was added to cells as noted. Enhanced yellow fluorescent protein (EYFP) fluorescence was determined with a HQ500/20-530DCLP-D560/40 filter set (AHF Analysentechnik, Tübingen, Germany) and a cellR/IX81 microscope system additionally equipped with a Cellcubator (Olympus, Hamburg, Germany) as described previously [32] .
Primary rat islets and beta cells Pancreatic islets were isolated from Wistar rats by collagenase digestion and dispersed into cells. Islets were cultured in uncoated 3.5 cm dishes (western blot analysis). Beta cells were seeded on collagen-coated 35 mm glass bottom dishes (measurement of MMP), 24-well glass bottom plates (MatTek, Ashland, MA, USA) (caspase-3 assay) or cover slips (immunohistochemistry). Beta cells and islets were cultured for 24 h in RPMI 1640 containing 5 mmol/l glucose, 10% FCS, penicillin, streptomycin and gentamicin in a humidified atmosphere at 37°C and 5% CO 2 . For the following 48 h, cells were cultured in medium containing either 5 mmol/l or 30 mmol/l glucose.
Measurement of glucokinase enzyme activity and insulin secretion Cells were homogenised by sonication in PBS (pH 7.4) and glucokinase enzyme activity was measured in soluble fractions using an enzyme-coupled photometric assay as described previously [33] . Glucokinase activity was determined by subtracting the hexokinase activity measured at 1 mmol/l glucose from the activity measured at 100 mmol/l glucose and expressed as units per mg of cellular protein. For insulin secretion, cells were incubated for 90 min in bicarbonate-buffered Krebs-Ringer solution, without glucose, supplemented with 0.1% albumin, and were then stimulated for 2 h with 25 mmol/l glucose or cultured without glucose for determination of basal secretion. Finally, insulin was measured radioimmunologically. The protein concentration was quantified by a Bio-Rad protein assay.
MTT cell viability and caspase-3 activity assay Cell viability was calculated using a microtitre plate-based MTT assay as described [34] . The caspase-3 activity in RINm5F-R-EYFP-GK cells and beta cells was detected using NucView 488 caspase-3 assay kit (Biotium, Hayward, CA, USA). Cells were stained for 30 min with 2 μmol/l NucView 488 caspase-3 substrate. Thereafter caspase-3 positive cells were automatically quantified with a scanR/IX81 microscope system (Olympus) as described in the ESM methods.
Measurement of mitochondrial dynamics For generation of a fusion construct (pDendra2-Mito) consisting of the photoconvertible fluorescent protein Dendra2 [32] and the mitochondrially localised cytochrome c oxidase the EYFP in the pEYFP-Mito vector (Clontech, Mountain View, CA, USA) was replaced by Dendra2 from the pDendra2-N vector (Evrogen, Moscow, Russia) using NotI and AgeI restriction sites. RINm5F-R-EYFP-GK cells were seeded at a density of 5×10 4 cells on 35 mm collagen-coated glass bottom dishes (MatTek). After 48 h, transfection was performed with 1.5 μg plasmid DNA and 4 μl jetPEI (Qbiogene, Montreal, QC, Canada) according to the manufacturer's instructions. Thereafter cells were cultured for further 48 h in RPMI medium with or without 500 nmol/l RSL1 and supplemented with 10 or 30 mmol/l glucose. Finally, cells were analysed for mitochondrial dynamics with a Fluoview1000 confocal microscope (Olympus) as described in ESM methods.
Western blot analysis and immunohistochemistry Protein from RINm5F-R-EYFP-GK cells and islets was isolated for determination of the level of the five subunits of respiratory chain complexes and analysed by western blotting. Expression of glucokinase and insulin was determined by immunohistochemistry. Both techniques are provided in detail in the ESM methods.
Measurement of the MMP RINm5F-R-EYFP-GK cells were seeded at a density of 10×10 4 on 35 mm collagencoated glass bottom dishes (MatTek) and cultured for 48 h at 10 or 30 mmol/l glucose with or without 500 nmol/l RSL1. The MMP was measured using 5,5′,6,6′-tetrachloro-1,1′,3,3-tetraethylbenzimidazolocarbocyanine iodide (JC-1) (Sigma, Taufkirchen, Germany) or tetramethylrhodamineethylester perchlorate (TMRE) together with MitoTracker Green (MTG) (Molecular Probes Invitrogen Detection Technologies, Eugene, OR, USA). To analyse the glucose-induced change of the MMP cells were at first starved for 90 min and then stimulated with 10 mmol/l glucose (RINm5F-R-EYFP-GK cells) or 20 mmol/l (beta cells). Dye loading and final analyses by fluorescence microscopy are described in detail in the ESM methods.
Statistical analysis Data are expressed as means±SEM. Statistical analyses were performed by ANOVA followed by Bonferroni's test for multiple comparison or Student's t test using the Prism analysis programme (GraphPad, San Diego, CA, USA).
Results
Characterisation of the RINm5F-R-EYFP-GK cell line The RheoSwitch system was used to establish a stable insulinproducing RINm5F cell line with inducible expression of an EYFP-glucokinase fusion construct. Initially RINm5F-R cells containing the Rheo regulator were generated. The maximal concentration of the synthetic inducer, 500 nmol/l RSL1, neither changed glucokinase enzyme activity nor insulin secretion in RINm5F-R cells (ESM Fig. 1b-d) . In RINm5F-R-EYFP-GK cells, generated from RINm5F-R cells and producing EYFP-glucokinase under control of the Rheo system fast and specific detection of glucokinase protein production was available through fluorescence microscopy. While RINm5F-R cells pre-cultured with or without RSL1, as well as RINm5F-R-EYFP-GK cells precultured without RSL1, showed no EYFP-glucokinase production ( Fig. 1a, b ; ESM Fig. 1a ), EYFP-glucokinase was detectable in the cytoplasm of RINm5F-R-EYFP-GK cells pre-cultured with RSL1 ( Fig. 1c, d ). Glucokinase production in RINm5F-R-EYFP-GK cells in the presence of 500 nmol/l RSL1 (Fig. 1e , f) was comparable with the endogenous glucokinase production in primary rat beta cells ( Fig. 1g- 
i).
Glucokinase levels and glucose-induced insulin secretion in RINm5F-R-EYFP-GK cells RINm5F-R-EYFP-GK cells were cultured for 48 h without or with increasing concentrations of the inducer RSL1. In addition 48 h pre-culture was performed at 1, 10 and 30 mmol/l glucose, and finally fluorescence intensities of the RINm5F-R-EYFP-GK cells were determined. A significant increase of EYFP-glucokinase production dependent upon the raising RSL1 concentration was observed ( Fig. 2a-c) . Indeed, in absolute values, glucokinase production induced with 250 nmol/l RSL1 was higher in cells pre-cultured at 10 or 30 mmol/l (Fig. 2b , c) compared with cells pre-cultured at 1 mmol/l glucose (Fig. 2a) . Fluorescence intensities ( Fig. 2a-c ) calculated in living RINm5F-R-EYFP-GK cells correlated with the determined EYFP-glucokinase protein content by western blot analysis (data not shown). Independent from the glucose concentration, the increase in EYFP-glucokinase fluorescence in RINm5F-R-EYFP-GK cells was accompanied by an increase in glucokinase enzyme activity ( Fig. 2d-f) , and also in glucose-induced insulin secretion ( Fig. 2g-i) , whereas basal insulin secretion remained unchanged ( Fig. 2j-l) . Through maximal glucokinase production a twofold increase in insulin secretion was observed in RINm5F-R-EYFP-GK cells pre-cultured at 10 or 30 mmol/l, whereas cells pre-cultured at 1 mmol/l glucose showed only a 1.2-fold increase.
Viability of RINm5F-R-EYFP-GK cells and primary rat beta cells Viability of RINm5F-R-EYFP-GK cells determined by MTT assay was neither impaired by preincubation at a lower (1 mmol/l) nor at a higher (30 mmol/l) glucose concentration than 10 mmol/l glucose (Fig. 3a) . Furthermore, pre-culture at 30 mmol/l glucose did not increase caspase-3-positive RINm5F-R-EYFP-GK cells (Fig. 3e) . By contrast, in the presence of 0.15 and 0.2 mmol/l palmitic acid the cell viability determined by MTT assay decreased consistently at all glucose concentrations and glucokinase levels by 50% and 70%, respectively (Fig. 3b, c) . Caspase-3-positive cells increased in the presence of 0.15 mmol/l palmitic acid to 29±12% at 10 mmol/l glucose and 40±12% at 30 mmol/l glucose (Fig. 3f) . Cell viability was never affected by the higher glucokinase enzyme activity in RSL1-treated cells (Fig. 3a- c, e, f). Palmitic acid had evoked only an overall depletion of enzyme activity owing to reduction of viable cells (Fig. 3d) . Primary rat beta cells cultured for 48 h at 30 mmol/l glucose showed no significant increase in caspase-3-positive cells compared with 5 mmol/l glucose (Fig. 3g) . To analyse the effect of a chronically elevated glucose concentration, RINm5F-R-EYFP-GK cells were pre-incubated for 14 days at 30 mmol/l glucose in the presence of 0 or 500 nmol/l of the inducer RSL1. This extended incubation period did not decrease cell viability or reduce glucose-stimulated insulin secretion of RINm5F-R-EYFP-GK cells (Fig. 4) .
The mitochondrial respiratory chain complexes in RINm5F-R-EYFP-GK and primary rat islets The levels of the five respiratory chain complexes were determined using premixed antibodies. The integrity of the respiratory chain complexes was neither affected by high glucose culture nor by glucokinase production (Fig. 5a, b) . Furthermore primary rat islets and RINm5F-R-EYFP-GK cells showed a comparable production pattern of the respiratory chain complexes (Fig. 5c ). The integrity of the respiratory chain remained unchanged also in primary rat islets after preincubation for 48 h at high glucose (Fig. 5c) .
Changes in the MMP in RINm5F-R-EYFP-GK and primary rat beta cells upon a glucose stimulus Measurement of the cellular MMP was performed using wide-field microscopy. Kinetic measurements of the MMP with the potentiometric dye JC-1 (ESM Fig. 2a, b) has been considered susceptible to photo-bleaching, but mainly in confocal microscopy. The increase in the red fluorescence of TMRE (Fig. 6a, b) in dependence upon the electrochemical membrane potential gradient seems to be bleaching-resistant and can be used in combination with the stably incorporated green mitochondrial marker protein MTG for long-term quantitative measurements (ESM Fig. 3 ). However, both methods revealed in RINm5F-R-EYFP-GK cells after 90 min starvation and subsequent stimulation with 10 mmol/l glucose a significantly higher slope of the MMP increase when the glucokinase enzyme activity was elevated (Fig. 6c, ESM  Fig. 2c) . Interestingly, the increase in the MMP was further amplified by pre-culture of RINm5F-R-EYFP-GK cells for (Fig. 6c) . Primary rat beta cells showed a faster increase in the MMP after a 48 h preincubation at 30 mmol/l glucose, compared with cells preincubated at 5 mmol/l glucose (Fig. 6d) .
Intracellular heterogeneity of the MMP After starvation, the mean MMP of a single cell was comparable in RINm5F-R-EYFP-GK cells pre-incubated with 10 mmol/l glucose (100± 2%), with 10 mmol/l glucose plus 500 nmol/l RSL1 (95±4%), with 30 mmol/l glucose (101±3%), or with 30 mmol/l glucose plus 500 nmol/l RSL1 (96±4%). Additionally the membrane potential was analysed for single mitochondria within one RINm5F-R-EYFP-GK cell to determine the cellular mitochondrial heterogeneity. After 48 h pre-incubation with 30 mmol/l glucose the mitochondrial heterogeneity was, with 2.9±0.3%, significantly reduced compared with cells preincubated at 10 mmol/l glucose (4.9±0.4%) (ESM Fig. 4 ). An elevated glucokinase production did not affect the mitochondrial heterogeneity (5.0±0.3% at 30 mmol/l glucose vs 2.4±0.3% at 10 mmol/l glucose) (ESM Fig. 4 ).
Mitochondrial fission and fusion events in RINm5F-R-EYFP-GK cells
The inner mitochondrial membrane was highlighted through green fluorescence of the photoconvertible protein Dendra2 (ESM Fig. 5a ). Dendra2 in a single mitochondrion was switched to stable red fluorescence by the use of point resolved 405 nm laser light exposure (ESM Fig. 5a ). Mitochondrial fusion followed by fission was detected within the first 600 s in eight independent experiments, each in RINm5F-R-EYFP-GK cells preincubated with 10 mmol/l glucose, with 10 mmol/l glucose plus 500 nmol/l RSL1, with 30 mmol/l glucose, or with 30 mmol/l glucose plus 500 nmol/l RSL1. Overall the mitochondrial morphology in RINm5F-R-EYFP-GK cells was highly variable. A more fragmented mitochondrial network was observed in up to two experiments at all preincubation conditions, as exemplarily shown for a RINm5F-R-EYFP-GK cell pre-culture at 10 mmol/l glucose for 48 h (ESM Fig. 5a, b) . The zoomed three-dimensional images showed, after 213 s, a fission event within the mitochondrial network (ESM Fig. 5b ) without a subsequent fusion in the following 400 s. A complex network with elongated and branched mitochondria was detectable as well and is exemplarily shown in a RINm5F-R-EYFP-GK cells after pre-incubation at 30 mmol/l glucose for 48 h. Two fusion events were succeeded, the first occurred after Fig. 3 Effects of the glucokinase level on the cell viability of RINm5F cells pre-incubated at different glucose concentrations and in combination with palmitic acid. RINm5F-R-EYFP-GK cells were pre-incubated for 48 h in the absence or in the presence of raising concentrations of the inductor RSL1 in medium supplemented with 1 mmol/l (white bars), 10 mmol/l (grey bars) or 30 mmol/l (black bars) glucose alone (a) or in the presence of 0.15 (b) or 0.2 (c) mmol/l palmitic acid. Thereafter cell viability was determined using a MTT assay. Values are given in percentage of cells precultured at 10 mmol/l glucose without RSL1 and palmitic acid. Values shown are mean±SEM from four independent experiments. RINm5F-R-EYFP-GK cells were pre-incubated for 48 h in the absence or in the presence of raising concentrations of the inductor RSL1 in medium supplemented with 10 mmol/l glucose without (−) and with (+) 0.2 mmol/l palmitic acid. Thereafter glucokinase enzyme activity was measured spectrophotometrically in homogenised cells (d). Values shown are mean±SEM from three independent experiments. RINm5F-R-EYFP-GK cells were pre-incubated for 48 h in the absence or in the presence of 500 nmol RSL1 in medium supplemented with 10 mmol/l (grey bars) or 30 mmol/l (black bars) glucose alone (e) or in the presence of 0.15 mmol/l palmitic acid (f). Primary rat beta cells were incubated for 48 h in medium supplemented with 5 mmol/l (white striped bar) or 30 mmol/l (grey striped bar) glucose (g). Thereafter caspase-3 positive cells were quantified by automated fluorescence microscopy. Shown are mean values±SEM from four (e, f) or three (g) independent experiments 
Discussion
Type 2 diabetes mellitus is a metabolic disease caused by defective insulin secretion and peripheral insulin resistance and is often accompanied by obesity [21] . Thus, the beta cells of type 2 diabetic individuals are concomitantly exposed to high concentrations of glucose and NEFA, both of which have been considered to be deleterious to beta cells [22] [23] [24] .
Induction of ER stress response, progressive lipid accumulation and metabolism, as well as breakdown of insulin granule exocytosis, have been proven as underlying mechanisms of beta cell dysfunction in response to high concentrations of NEFA [35] [36] [37] [38] . The present results are in agreement with these reports as palmitic acid significantly reduced viability of insulin-producing RINm5F-R-EYFP-GK-cells. NEFA toxicity was only small and not significantly augmented in the presence of high glucose in our 48 h incubation experiments in RINm5F cells. However, glucolipotoxicity is controversially discussed to take place in beta cells [23] [24] [25] [26] . Two aspects have to be taken into account: first, the actual in vivo concentrations of glucose and NEFA under conditions of type 2 diabetes have not yet been defined conclusively and might be highly variable in humans; second, in vitro experiments are very useful to determine mechanisms of action of glucose and NEFA, but cannot identify communication of signalling pathways between organs, namely adipose tissue, muscle, liver and beta cells in vivo [24] . Different studies indicate that through the overload of fuel the elevated glucose phosphorylation by glucokinase initiates downstream events finally leading to beta cell damage [27] [28] [29] 39] . However, this hypothesis is not fully convincing in view of the role of glucokinase as the sensor enzyme of glucose-induced insulin secretion in pancreatic beta cells [1] [2] [3] . Thus it was the aim to reconsider this issue in the present experiments.
The RheoSwitch system [40] was adapted to generate stable insulin-producing RINm5F cells with precise adjustment of EYFP-GK production. The fluorescence label of glucokinase has no bearing on enzyme function and was useful for a fast detection of protein levels. A direct correlation between the induced glucokinase protein and an increase in its enzyme activity was elucidated in RINm5F-R-EYFP-GK cells. Although protein production was induced by the same concentration of the inducer, a higher EYFP-glucokinase content was observed in cells pre-incubated at high glucose in comparison with cells incubated at low glucose. This interesting result indicates post-translational intracellular stabilisation of the glucokinase protein. It can be assumed that glucose, assisted by the endogenous activator 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, shifts the intracellular equilibrium towards the closed glucokinase conformation and thus, slows down protein degradation [41, 42] . In line with our results it has been demonstrated in a recent study that 32 h treatment with the small molecule glucokinase activator LY2121260 significantly increased the glucokinase protein content in INS-1E beta cells cultured with 3 mmol/l glucose [43] . Like other chemical glucokinase activators, LY2121260 drives glucokinase into its closed conformation already at low glucose [7, 9] . Altogether this indicates a new post-translational regulatory principle, namely a correlation between glucokinase conformation and glucokinase protein lifetime in beta cells.
After pre-incubation for 48 h at high (in comparison with low) glucose, the viability of RINm5F-R-EYFP-GK cells was not reduced and a significant increase in apoptosis was detected neither in RINm5F-R-EYFP-GK cells nor in primary rat beta cells. This is in agreement with a recently published study showing that in the absence of high concentrations of NEFA, high glucose culture alone did not significantly increase caspase-3 activity in human islet cells [44] . Furthermore it has been demonstrated in another study that apoptosis did not increase in rat islets after 48 h incubation at 30 mmol/l glucose compared with 11 mmol/l glucose [45] . However in this study, after 96 h incubation, a significant increase in apoptosis has been demonstrated [45] . Thus, it has to be taken into account that detection of glucose-induced apoptosis depends largely upon the experimental conditions as well as the species analysed [45] [46] [47] . To mimic the conditions of chronically elevated glucose metabolism, RINm5F-R-EYFP-GK cells were incubated for 14 days at high showing that an increase of glucose metabolism upon glucokinase production in INS1 and RIN1046-38 cells resulted in oxidative stress and apoptosis [29, 39] . In contrast to our RINm5F-R-EYFP-GK cells, in these studies far higher levels of glucokinase overproduction were induced by adenoviral transduction. We assume that the high rate of protein biosynthesis in general was deleterious to the beta cells independently from the specific enzyme function of glucokinase. Glucokinase production is low in RINm5F cells [33] . Induced glucokinase production in RINm5F-R-EYFP-GK cells at the maximal RSL1 concentration is hence within the physiological range of rat beta cells and thus more comparable to the situation in primary beta cells.
However, one key finding of this study is that the increase in glucokinase enzyme activity correlated with an increase in glucose-induced insulin secretion. Thus, glucokinase production clearly has a beneficial effect on glucoseinduced insulin secretion. Also at elevated glucose, glucokinase seems to be able to contribute to a tight coupling between glycolysis and mitochondrial metabolism, assumed to be important for adequate insulin secretion [48] . To further highlight this, the effect of high vs low glucose culture on the mitochondrial metabolism was analysed. The mean MMP determined in RINm5F-R-EYFP-GK cells was the same, independently from the 48 h pre-incubation. Furthermore the integrity of the respiratory chain remained unchanged both in RINm5F-R-EYFP-GK cells and primary rat beta cells. This is in line with a recently published study demonstrating that in INS832/13 cells high glucose culture did not diminish the cellular ATP content [44] . There is one report demonstrating mobilisation of p53 to mitochondria and reduction of the MMP in RINm5F cells as the cause of apoptosis and the result of high glucose culture [49] . However, the results of this study are questionable, as JC-1 used to determine the MMP was distributed over the whole cell rather than localised to mitochondria [49] . In this study the measurement of the cellular MMP was performed by the use of JC-1, and mainly with TMRE and MTG both clearly localised to mitochondria. Furthermore not only the MMP, but also the change of MMP induced by glucose stimulation, was investigated in RINm5F-R-EYFP-GK cells and primary rat beta cells. Increased glucokinase production in RINm5F cells or previous exposure for 48 h to high glucose better transmitted the metabolic signal to the mitochondria, resulting in a significantly faster increase of the MMP after glucose stimulation. In agreement, also in primary rat beta cells, high glucose culture evoked an improved coupling between glycolysis and mitochondrial metabolism. However, whether the improved coupling is sustained after prolonged exposure to high glucose has to be elucidated in a further study.
There is an interesting observation in primary mouse beta cells, that an increasing glucose concentration recruits mitochondria into higher levels of homogeneity [14] . Thus the MMP was analysed on the single mitochondrial level in RINm5F-R-EYFP-GK cells. RINm5F-R-EYFP-GK cells exhibited a heterogeneous distribution of the MMP, which might be because of differences in intracellular function [17] . After incubation at high glucose, comparable to primary mouse beta cells [14] , this heterogeneity was significantly reduced. The glucose-induced homogeneity might be explained with a higher degree of mitochondrial network organisation necessary to fulfil fast coupling to glycolysis, as determined in beta cells. At low glucose concentrations some mitochondria are possibly in a resting state with much lower MMP. Continuing experiments at different glucose concentrations and incubation periods in primary rat beta cells are required to prove this hypothesis.
Recently it was shown that mitochondrial dynamics segregate dysfunctional mitochondria and permit their removal by autophagy [15, 16, 18] . Thus, this machinery in beta cells is especially vital to maintain mitochondrial metabolism, morphology and ATP generation [13, 19, 20, 50] . Interestingly, it was published that in the absence of high concentrations of NEFA, high glucose culture alone does not evoke excessive fragmentation of the mitochondrial network in INS1 cells [19] . To prove this in RINm5F-R-EYFP-GK cells, mitochondrial dynamics, namely fission and fusion events, were determined by fluorescence microscopy after photoconversion of a single mitochondrion using a Dendra2-cytochrome-c-oxidase fusion construct. To be able to clearly distinguish between overlaid single mitochondria and interaction between mitochondria, image recording in three dimensions was important. A highly dynamic mitochondrial network with frequent fusion and fission events was observed in RINm5F-R-EYFP-GK cells, which was neither significantly modified by glucokinase production nor, in agreement with the study in INS1 cells [19] , by high glucose culture. Independently from the glucose concentration frequent fission events, not taken in turns with fusions, were observed in RINm5F-R-EYFP-GK cells. A mitochondrial subpopulation not able to fuse has recently been described in INS1 cells [15] . However, our three-dimensional technique rather indicated that the resulting greater number of strongly fragmented mitochondria from frequent fission events in RINm5F-R-EYFP-GK cells appeared only temporarily, and mostly subsequent fusion recovered the network structure. Thus, it can be speculated that the variable motion of the mitochondrial network in pancreatic beta cells is a physiological adaptation to beta cell metabolism and, as part of this, to glycolysis.
In conclusion, our study did not provide evidence for a glucokinase-mediated glucotoxicity in pancreatic beta cells. Rather, it was demonstrated that glucokinase promotes the coupling between glycolysis and mitochondrial metabolism essential for glucose-induced insulin secretion. The regulation of the mitochondrial network seems to be involved in this process and thus has to be further analysed, particularly in primary tissue, and also with respect to high concentrations of NEFA present in type 2 diabetes mellitus. For this purpose the newly developed microscopic technique might be useful.
